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Abstract: Protein biogenesis and quality control are essential to maintaining a functional pool of proteins
and involve numerous protein factors that dynamically and transiently interact with each other and with
the substrate proteins in living cells. Conventional methods are hardly effective for studying dynamic,
transient, and weak protein–protein interactions that occur in cells. Herein, we review how the site-
directed photocrosslinking approach, which relies on the genetic incorporation of a photoreactive
unnatural amino acid into a protein of interest at selected individual amino acid residue positions and the
covalent trapping of the interacting proteins upon ultraviolent irradiation, has become a highly efficient
way to explore the aspects of protein contacts in living cells. For example, in the past decade, this
approach has allowed the profiling of the in vivo substrate proteins of chaperones or proteases under
both physiologically optimal and stressful (e.g., acidic) conditions, mapping residues located at protein
interfaces, identifying new protein factors involved in the biogenesis of membrane proteins, trapping
transiently formed protein complexes, and snapshotting different structural states of a protein. We antici-
pate that the site-directed photocrosslinking approach will play a fundamental role in dissecting the
detailed mechanisms of protein biogenesis, quality control, and dynamics in the future.
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Introduction
Biogenesis and quality control of proteins concern
about how a functional pool of proteins are produced
and maintained in living cells. A nascent polypeptide,
after being synthesized from the ribosomes located in
the cytosol, has to be targeted (delivered), often via
translocation across membranes, to a proper subcellu-
lar location before it eventually folds/assembles into
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its native structure and becomes biologically func-
tional.1,2 During their biogenesis, the nascent proteins
are often strictly monitored in cells by a network of
quality control protein factors, including molecular
chaperones, folding catalysts, and proteases. They
either facilitate the proteins to fold/assemble by
preventing the aggregation of the partially folded meta-
stable intermediates or degrade the dramatically
misfolded forms.3,4 This trip of the nascent proteins
involves many dynamic interactions either between the
nascent polypeptides and the participating protein fac-
tors or between the latter proteins themselves. It would
be highly desirable and important, although difficult, to
explore this dynamic process as occurring in living cells,
rather than under in vitro conditions or by genetic anal-
ysis. Understanding the mechanisms of such biogenesis
and quality control of proteins in cells is not only biolog-
ically important but also clinically relevant, as protein
misfolding has often been considered to account for a
number of human disorders, such as the Alzheimer’s
and Parkinson’s diseases, Type II diabetes, and a num-
ber of other so-called folding diseases.3–5

Individual proteins are assumed to be in constant
motion, that is, the coordinates of all the atoms of a pro-
tein are under constant time-dependent fluctuations or,
to put it in another way, a protein populates a large
ensemble of many different conformations.6,7 This con-
cept has been perceived based on theoretical analysis8–10

and in vitro structural analysis, mainly via room tem-
perature X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy.11–14 Nevertheless, the
dynamic aspect of proteins has been far less studied in
living cells, only with some preliminary in-cell NMR
spectroscopy analysis.15,16

In this review, we do not intend to present a com-
prehensive discussion on the biogenesis, quality control,
and dynamics of proteins. Rather, we will concentrate
on more recent advances on how unnatural amino acid-
mediated photocrosslinking studies in living cells have
advanced our understanding in these aspects. In the
past decade, we and others have applied this approach to
dissect the dynamic and transient interactions between
the quality control factors and their substrate proteins or
between the different quality control factors themselves,
to map the interface residues involved in these interac-
tions, or to capture and identify new proteins involved
in protein biogenesis, as occurring in living cells under
normal or stress conditions.

Site-Directed Photocrosslinking Analysis Is a
Powerful Technique to Explore Protein–Protein
Interactions in Living Cells

The conventional chemical crosslinking of
proteins in living cells
The conventional covalent crosslinking, via chemical
agents containing at least two reactive (functional)
groups, has been a powerful technique for studying

protein–protein interactions in living cells.17 In this
regard, proteins interacting through noncovalent
interactions can be linked together by covalent bonds
before being analyzed by electrophoresis, immuno-
blotting, mass spectrometry (after being purified), and
other techniques. Although such crosslinking is able to
capture weak and transient interactions, it apparently
suffers from some limitations such as relying on the
presence of pairs of proper active groups at the inter-
face of two interacting proteins (no crosslinking if lac-
king them), crosslinking without protein selectivity,
and cytotoxicity resulted from the uncaged reactivity
of the agents.

Site-directed photocrosslinking in living cells is
mediated by genetically introduced unnatural
amino acids
This technique has been mainly developed by Peter
Schultz and his colleagues over the last two decades
or so. The first photoreactive unnatural amino acid
applied for this purpose was p-benzoyl-L-phenylalanine
(pBpa). This amino acid was initially developed for site-
specific incorporation into synthetic peptides, which
could be covalently photocrosslinked to a target protein
it specifically binds.18 It was then incorporated into spe-
cific residue positions of proteins by using the in vitro
transcription/translation system19 before being eventu-
ally introduced into target proteins at the selected resi-
due positions in living cells.20

Briefly speaking, the latest version of this method-
ology, as illustrated in Figure 1(a), relies on a specific
orthogonal aminoacyl-tRNA synthetase/tRNA pair.
The orthogonal aminoacyl-tRNA synthetase specifi-
cally recognizes the unnatural amino acid (but not any
of the 20 natural amino acids) and adds it onto the
orthogonal tRNA molecule (having the 50 CUA 30 anti-
codon), which in turn carries the unnatural amino acid
to the ribosomes to incorporate the unnatural amino
acid onto the target protein at a residue position where
the original codon in the target gene was replaced by
the amber codon TAG in the encoding gene, thus a 50

UAG 30 anticodon in the mRNA molecule. The method
was first established in bacterial cells20 and more
recently expanded to eukaryotic cells.23

The unnatural amino acid can be randomly
introduced into a target protein
The conventional method for site-directed photo-
crosslinking relies on the replacement of a specific
codon on the target gene (carried either by a plasmid or
by the genomic DNA), that encodes a unique amino
acid residue, by the amber stop codon TAG via site-
directed mutagenesis. This is rather tedious and ineffi-
cient when many or all residue positions of a target
protein need to be individually replaced. To overcome
this, methods have been developed, as diagrammed in
Figure 1(b), which allows each of the codons in a target
gene to be randomly replaced by a TAG codon, thus
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generating a library of variants each incorporating
an unnatural amino acid at a different residue posi-
tion.22,24 From such a library, we may first select the
variants that are able to complement (i.e., to
replace) the function of the wild-type protein in the
cells before examining whether these functional var-
iants are able to form photocrosslinked products
with itself or with other (prey) proteins. Using this
approach, the exact residue position where the
unnatural amino acid was incorporated for mediat-
ing a specific protein–protein interaction could be
simply revealed at the end by determining the DNA
sequence of the variant target gene.22 This strategy
is somehow similar to that of directed evolution,
where mutant enzymes of desired properties are
selected from a random gene library, and the nature

of the mutant enzyme could be similarly revealed by
a DNA sequencing step at the very end.25,26

Multiple unnatural amino acids carrying different
photoreactive groups have been developed
One set of these unnatural amino acids have been
developed, roughly as analogues of the phenylalanine
and pyrrolysine amino acids [Fig. 2(a), left two panels],
for the purpose of replacing residues at specifically
selected positions of a target protein. For the incorpora-
tion of each of these unnatural amino acids, a specific
pair of orthogonal aminoacyl-tRNA synthetase and
tRNA molecules have to be developed.27–32,36 The other
set (e.g., photo-Ile, photo-Leu, photo-Met, and photo-
Lys) have been developed for respectively replacing all
the Ile, Leu, Met, and Lys residues nonspecifically in

Figure 1. The general procedure for site-specific (a) or random (b) incorporation of unnatural amino acid into a selected
target protein in living cells. (a) The unnatural amino acid (the red ball) enters the cell that produces an orthogonal aminoacyl-
tRNA synthetase and an orthogonal tRNA (being usually expressed from a plasmid, but is expressed from the modified genome of
the LY928 bacterial strain21) and is covalently linked to the orthogonal tRNA (carrying 50 CUA 30 as the anticodon) upon the
catalysis of the orthogonal aminoacyl tRNA synthetase (left). The synthesized aminoacyl tRNA is then delivered to the ribosome to
pair with the amber codon (50 UAG 30) on the mRNA transcribed from the genetically modified target gene (by site-directed
mutagenesis) that is usually carried by a plasmid (middle). A variant target protein in which an unnatural amino acid is incorporated
at a selected position is produced (right). (b) Briefly,22 the chloramphenicol-resistant gene (chlR) was randomly inserted into the
target gene (usually carried by an expression plasmid) with the help of the MuA transposase. The plasmids were then digested
with the restriction enzyme MlyI, which removes the chlR gene fragment by generating two blunt ends. Such linear plasmids were
subsequently ligated with a kanamycin-resistant gene (kanaR) carrying a TAG codon (the amber codon for unnatural amino acid
incorporation) at one end, digested again with the MlyI restriction enzyme before being religated to form sealed plasmids. These
manipulations randomly replace each codon of the target gene by a TAG amber codon (as indicated by the red asterisk),
generating a library of plasmids each expressing a variant target protein having an unnatural amino acid introduced at a different
residue position. This library was then applied to functional screening and photocrosslinking analysis. The nature of a variant
(i.e., which residue is replaced by an unnatural amino acid) that forms photocrosslinked products is eventually characterized by a
simple determination of its encoding DNA sequence.
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the target protein as well as in all other proteins [Fig. 2
(a), right panel] in the living cells.27,28 These unnatural
amino acids, introduced into target proteins specifically
or nonspecifically, could then be activated by irradiating
the living cells with ultraviolet (UV) light, forming the
highly reactive free radicals, which would react with a
nearby hydrogen-containing group from the interacting
(prey) protein, as illustrated in Figure 2(b). These cova-
lently crosslinked protein complexes could then be
further characterized and identified via such ana-
lyses as immunoblotting and mass spectrometry,
unveiling the nature of the proteins that interact
with the target protein in living cells, under differ-
ent environmental conditions.

There are mainly three types of photoreactive
groups in these unnatural amino acids. They are, as

shown in Figure 2, the benzophenone (consisting of a
carbonyl group linked to two benzene groups), the
diazirine (consisting of a carbon bound to two nitro-
gen atoms) and the azide (consisting of the anion with
the formula N−3). These photoreactive groups are
not found in any molecules present in the cell per se
and are kept inert without UV exposure. They will
become highly reactive only after an irradiation with
UV light [Fig. 2(b)]. The free radicals thus pro-
duced would effectively react with a nearby XH
group (X being C, N, O, etc.). The diazirine could be
activated upon exposure to the 350 nm UV light, pro-
ducing a carbene (containing a neutral carbon atom
and two unshared electrons) with a loss of N2. The
carbenes are highly reactive and can insert into any
neighboring C H or heteroatom H bond to form a

Figure 2. Chemical structures (a) andphotocrosslinkingmechanisms (b) of the commonunnatural amino acids. (a) The common
photoreactive unnatural amino acids that are designedmainly as analogues of phenylalanine (top) or pyrrolysine (bottom) are applied for
site-specific incorporations. The others (photo-Leu, photo-Ile, photo-Met, and photo-Lys) are used for nonspecific incorporations (right).27,28

pBpa, p-benzoyl-L-phenylalanine20; pAzpa, p-azido-L-phenylalanine29; TmdPhe, 40-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phenylalanine30;
Abk, 30-azibutyl-N-carbamoyllysine31; TmdZLys,Nε-[((4-(3-(trifluoromethyl)-3H-diazirin-3-yl)-benzyl)oxy)carbonyl]-L-lysine10; DiZPK,
3-(3-methyl-3H-diazirin-3-yl)-propaminocarbonyl-Nε-L-lysine32; DiZSek,Nε-3-(3-methyl-3H-diazirin-3-yl)-propaminocarbonyl-γ-seleno-L-
lysine33; DiZHSeC, Se-(N-(3-(3-methyl-3H-diazirin-3-yl)propyl)propanamide)-3-ylhomoselenocysteine;34 andDiZASeC.35 Note that DiZSek,
DiZHSeC, andDiZASeC (colored red) are all cleavable photocrosslinkers. (b) Shown here are the three commonphotoactivation
mechanisms. A diazirine group incorporated into the target protein (X) is activated upon ultraviolet irradiation at 350 nm to form a carbine,
whichwould be immediately covalently bondedwith a neighboring XHgroup of the interacting protein (P), leading to an intermolecular
covalent crosslinkage (left). The benzophenonewill be activated to forma diradical (middle), while the azide groupwill be activated to form a
nitrene (right) before covalently linked to an XHgroup nearby.
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covalent adduct [Fig. 2(b), left]. The benzophenone
group can also be activated by UV light (350–365 nm)
to produce a diradical (i.e., containing two radical
centers), which can react with neighboring C H
bonds to form a covalent adduct [as shown in Fig. 2(b),
middle]. The azide group could be activated by a
light of broader wavelength (250–400 nm), depending
on the nature of phenyl ring substitution, to form
reactive nitrenes, accompanied by a loss of N2. Nitrenes
are able to insert into neighboring C H and
heteroatom H bonds, forming a new covalent adduct
[as shown in Fig. 2(b), right]. The photocrosslinked
products, with or without purification, can then be
analyzed by mass spectrometry, immunoblotting,
and other methods [Fig. 2(b), left].

The site-directed photocrosslinking method
exhibits multiple advantages in studying protein–
protein interactions in living cells
The most remarkable advantage of this method is that it
is based on a free radical reaction, which is largely inde-
pendent of such cellular conditions as salt concentration,
pH, and temperature.32,37 In contrast, the conventional
techniques for detecting protein–protein interactions,
such as coimmunoprecipitation, yeast two-hybrid sys-
tem, fluorescence resonance energy transfer (FRET),
and chemical crosslinking are highly affected, and
thus are often made hardly feasible under these harsh
conditions.38 This unique characteristic enables
unnatural amino acid-mediated photocrosslinking to
be an efficient method for capturing protein–protein
interactions in living cells grown either under normal
or stressful conditions. For instance, via such site-
directed photocrosslinking analysis, we successfully
examined the interacting substrate proteins of HdeA,
a chaperone for acid resistance in bacteria, when the
cells are placed in an extremely acidic (pH < 3) envi-
ronment that mimicks the human stomach.32 None of
the aforementioned conventional methods would be
applicable under such a harsh condition.38

Due to the site-specific nature of such crosslinking
analysis, the amino acid residues of the target (bait)
protein that are involved in a specific protein–protein
interaction can be directly mapped out. In this regard,
the unnatural amino acid-incorporated variant protein
often largely maintains the native structure of the
wild-type protein and remains functional, unless the
unnatural amino acid replaces a residue critical for
the function and folding of the target protein. Further-
more, amino acid residues of the interacting (prey)
protein that are covalently linked via the unnatural
amino acid residue to the target (bait) protein might
be identified using a recently developed so-called cleav-
able unnatural amino acid photocrosslinker, which
carries a label that will be transferred to the
crosslinking amino acid residue on the prey protein.
This would allow the peptide containing the transferred
label to be identified by mass spectrometry analysis

(by measuring its exact molecular mass).34 This new
approach may allow the interface of two interacting
(bait and prey) proteins to be characterized at the resi-
due resolution without relying on any beforehand-
supply of structural information of the interacting
proteins. This would be particularly useful in character-
izing the transient protein–protein interactions betw-
een the protein quality control factors and the not-yet
folded nascent or unfolded mature client proteins.

In addition, unnatural amino acid photo-
crosslinkers can be simultaneously introduced at
different sites in one target protein or into different
proteins that are coexpressed, which would allow
transiently formed ternary protein complexes to be
elegantly captured in living cells, as demonstrated
in one of our recent work.21 Due to the short distance
nature of such free radical reactions, false-positive
crosslinking reactions are much less frequent com-
pared with the conventional methods.

Limitations of unnatural amino acid-mediated
photocrosslinking analysis
Similar to all other methods developed for exploring
protein–protein interactions, the unnatural amino
acid-mediated photocrosslinking method has its own
limitations. One of them is that, usually, the unnatu-
ral amino acid has to be introduced at the interface of
two interacting proteins, otherwise crosslinking would
not occur. In many cases, it is unknown what residues
are located at the interface, thus many replacements
(theoretically at all the residues) have to be individu-
ally tested before a conclusion can be made on whether
two proteins interact or whether a target protein inter-
acts with any other proteins. This would make the
analysis tedious and time consuming. In addition, the
incorporation of the unnatural amino acid may inter-
fere with the folding, structure, protein expression,
and/or biological functions of the target protein, making
the subsequent analysis infeasible and unreliable.
Furthermore, so far this technique has been effectively
applied mainly to bacterial or cultured eukaryotic cells.
But it remains ineffective on multicellular organisms,
mainly due to the difficulties in having the unnatural
amino acid to efficiently enter the host cells.

Site-Directed Photocrosslinking Helps to Unveil
the Molecular Events Occurring During the
Biogenesis of Outer Membrane Proteins in Living
Bacterial Cells

Biogenesis of outer membrane β-barrel proteins
involves a long and complex trip in bacterial cells
Outer membrane β-barrel proteins (OMPs) are a type
of proteins present not only in Gram-negative bacte-
ria but also in the mitochondria and chloroplasts of
eukaryotes. They exhibit important functions in a
variety of biological processes and are structurally
characterized by adopting a cylindrical barrel-like

11981198 PROTEINSCIENCE.ORG Protein biogenesis, quality control and dynamics in cells



topology such that its N-terminal and C-terminal
β-strands, far from each other on the polypeptide
chain, have to eventually pair with each other in for-
ming the sealed barrel conformation.39 Their biogene-
sis in bacteria involves the following steps: after
being synthesized by the ribosomes located in the
cytosol, the nascent polypeptides have to be trans-
ported across the inner membrane (IM) and the peri-
plasm before finally folded and inserted into the
outer membrane40 (refer to Fig. 3). This probably

represents one of the most complicated pathways in
protein targeting.1,2

Numerous protein factors have been identified
as participants of OMP biogenesis and quality
control
Many protein factors have been revealed over the
past few decades, mostly via genetic studies and par-
tially via in vitro biochemical analysis, as partici-
pants of OMP biogenesis.41,44 They mainly include

Figure 3. Major pathways of the biogenesis and quality control of proteins existing in Gram-negative bacteria. They
could be categorized into three major pathways according to the final subcellular destinations of the proteins. The first
pathway deals with the secretory proteins. Their nascent polypeptides, after being synthesized by the cytosolic ribosomes,
are destined to the protein-conducting channels (the SecYEG or SecAN complexes) on the inner membrane (IM) for
translocation, whose driving force is apparently provided by the SecA motor. Among the secretory proteins, the periplasmic
proteins fold into their native conformations (N) after being translocated across the IM, while the outer membrane β-barrel
proteins (OMPs) (with the outer membrane lipoproteins being omitted for simplicity) are protected by such chaperones as
SurA and delivered to the β-barrel assembly machinery (BAM) complex for the final folding and integration into the outer
membrane. A supercomplex for the biogenesis of OMPs seems to be formed in living cells (as shown with a dashed frame).
The second pathway deals with the IM (i.e., cytoplasmic membrane) proteins. Their nascent polypeptides are probably also
delivered to the SecYEG channel as guided by the signal recognition particle before being inserted into the IM with the help
of the insertase YidC. The third pathway deals with the cytosolic proteins. Their nascent polypeptides fold into their native
conformations, either cotranslationally under the assistance of such chaperones as the trigger factors and/or DnaK/DnaJ, or
posttranslationally within the “Anfinsen” cage formed by the GroEL/GroES complex. Upon stress (e.g., heat shock), the
unfolded proteins tend to aggregate unless they are protected by chaperones such as small heat shock proteins or degraded
by proteases such as Lon/ClpP. Primary protein factors and complexes involved in protein biogenesis are diagrammed,
mainly by referring to earlier review papers40–42 and our recent studies.21,43
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the following: the SecA motor that may drive nascent
chains of OMPs across the inner (i.e., cytoplasmic)
membrane40,41; the SecB that seems to function as a
dedicated chaperone for the nascent polypeptides of
the secretary proteins40,41; the SecYEG complex that
may function as the protein-conducting channel; the
chaperones such as SurA, PpiD, FkpA, and Skp that
may facilitate the nascent OMP polypeptides to go
through the hydrophilic periplasm40,44; and the
β-barrel assembly machinery (BAM) complex com-
posed of subunits BamA, BamB, BamC, BamD, and
BamE that may mediate the β-barrel structure forma-
tion and membrane insertion of OMPs at the outer
membrane.40,45 In addition, the potentially cytotoxic
misfolded OMPs are removed by proteases such as
DegP and DegQ.46,47

Accordingly, the biogenesis process of OMPs relies
on the dynamic and transient interactions between the
aforementioned or other not-yet identified protein fac-
tors and the nascent OMPs, as well as those between
these quality control protein factors themselves. These
interactions, though have been extensively studied via

genetic, biophysical, biochemical, and structural
approaches, had rarely been directly examined in living
cells despite their utmost importance. This was appar-
ently due to the lack of proper methodologies. In the
past decade, site-directed photocrosslinking mediated
by genetically introduced unnatural amino acids has
been effectively applied to probe such protein–protein
interactions in living cells (as summarized in Table I).
These studies have greatly advanced our understand-
ing of OMP biogenesis, whose complex nature, in com-
parison with that of cytosolic soluble proteins, makes
living cell studies not only desired but indispensable.

Site-directed photocrosslinking analyses in living
cells revealed new aspects of OMP biogenesis
The first such study was reported by Ito and Mori, who
introduced the unnatural amino acid pBpa53 at a num-
ber of selected residue positions in the SecY protein.
This allowed them to observe apparently two modes of
interactions between the membrane-integrated SecY
and the cytosolic SecA proteins, with one region of SecY
interacting with SecA in a continuous manner, while

Table I. Interactions of Protein Factors Involved in the Biogenesis and Quality Control of Proteins in
Bacteria Revealed by Site-Directed In Vivo Photocrosslinking Analysis

Proteins Assumed biological functions Interacting proteins detected References

SecA ATPase motor that drives the
translocation of secretory proteins
across the membrane

SecY, SecG, and SecA (self-interaction)
and substrate proteins

48–52

SecY A cytoplasmic membrane translocon
essential for protein secretion

SecA, FtsY, YidC, SecF, and SecY
(self-interaction) and substrate proteins

53–58

SurA/PpiD/Skp Periplasmic chaperones assisting the
transportation of nascent OMPs

SurA with PpiD, BamA, or substrate
proteins; Skp with substrate proteins

21,59,60

BAM A machinery essential for the β-barrel
formation and membrane integration
of OMPs

BamA with SurA; BAM with substrate
proteins

21,59–62

DegP A protease quality control factor
involved in OMP biogenesis and acid
stress

HdeA, SurA, FkpA, and DegP
(self-assembly) and substrate proteins

32,35,63–65

HdeA/HdeB chaperone for acid resistance HdeA with DegP, SurA, and HdeA;
HdeA/HdeB with substrate proteins

32–34,66

Trigger factora A chaperone assisting the folding of
nascent polypeptides

nascent polypeptides 67–69

Hsp70/DnaKb A critical chaperone assisting the folding
of nascent polypeptides

substrate proteins 70

IbpB A small heat shock protein involved in
inclusion body formation

IbpB and substrate proteins 37,71

Hsp18.1c A small heat shock protein involved in
protein refolding

model substrate proteins 72

GroEL/GroES, Hsp90d Classic molecular chaperones for protein
folding/refolding and assembly

No reports

ClpP/Lond Proteases degrading
misfolded/aggregated proteins

No reports

DsbA/DsbCd Protein-folding catalysts for disulfide
bond formation

No reports

Hsp33d A critical chaperone for oxidative stress No reports
a Explored by an in vitro translation system rather than in living cells.
b The interaction of Hsp70 with substrate proteins in yeast cells rather than the interaction of DnaK with substrate proteins
in bacteria was demonstrated.
c Explored by purified bait proteins carrying unnatural amino acid under in vitro conditions.
d Exhaustive literature search in the PubMed database reveals that these proteins have not been examined via site-directed
in vivo photocrosslinking analysis.
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another region interacting with SecA only when a
nascent polypeptide is being translocated.53 Oliver
and Das then reciprocally introduced pBpa into
SecA (rather than in SecY) and revealed that each
molecule of the SecA protein seems to interact with
two molecules of SecY, and also demonstrated a direct
interaction between SecA and the SecY-associated
SecG.48 In addition, the SecA protein was confirmed to
form dimers in living cells by such site-directed photo-
crosslinking studies.49,50

Recently, mainly via site-directed photocrosslinking
analysis in living cells, we revealed a shortened version
of the SecA protein that consists of only the N-terminal
part of the SecA protein (thus designated as SecAN)
that apparently function specifically as a protein-
conducting channel for nascent OMPs, but not for
nascent periplasmic proteins.43 We initially conducted
this study in an attempt to clarify whether or not
nascent polypeptides of OMPs and periplasmic pro-
teins, whose structures are dramatically different, are
both translocated across the inner membrane through
the SecYEG translocon, as commonly believed,
although never directly demonstrated in living cells.
However, our site-directed in vivo photocrosslinking
analysis failed to reveal any direct interaction between
nascent OMPs and SecY, although it did reveal a direct
interaction between nascent periplasmic proteins and
SecY. We then accidentally observed that nascent
OMPs, but not nascent periplasmic proteins, directly
interact with this hitherto unreported shortened version
of SecA, in living cells. We further characterized SecAN

as follows.43 First, SecAN is almost exclusively present
in the membrane fraction and apparently exists as
homo-oligomers. Second, bioinformatic analysis rev-
ealed that SecAN contains one putative transmembrane
domain with a GXXXG motif known for mediating
protein–protein interactions in biomembranes.73 Third,
the processing of precursors of OMPs was severely
retarded in cells producing assembly-defective SecAN

variants containing mutations in the GXXXG motif.
Last but not least, the SecAN protein directly interacts
with the BAM complex in living cells. It was only
through such in vivo photocrosslinking analysis that
this SecAN form was unveiled as a functional protein in
the bacterial cells.

Detail interaction patterns between components
of the protein translocon are revealed
Oliver and colleagues further utilized this strategy to
thoroughly map the SecY regions (with pBpa individu-
ally introduced at 117 residue sites of SecY) inter-
acting with SecA and surprisingly found that the
SecA motor contacts most of the channel transmem-
brane helices and even the periplasmic regions of
SecY,54 suggesting that SecA seems to be able to
span the cytoplasmic membrane, conceivably via
inserting into the heart of the SecY channel. Such a
presumably dynamic interaction pattern would be

difficult to demonstrate with any technique other
than such in vivo photocrosslinking analysis. In
addition, via this approach, the interaction of SecY
with the signal recognition particle receptor FtsY55

or with the inner membrane protein insertase
YidC,56 as well as the self-dimerization of SecY,57

has been demonstrated to occur in living cells.
Intriguingly, when the unnatural amino acid pBpa

was incorporated into OmpF, a typical OMP, at 21 ran-
domly selected residue positions along the polypeptide,
we detected no formation of photocrosslinked OmpF–
SecY products in living cells.21,43 Our study, though
being not exhaustive, somehow challenges the current
view that the SecYEG channel is responsible for the
translocation of nascent OMPs across the cytoplasmic
membrane. Instead, the newly identified membrane-
integrated SecAN protein seems to function as the
channel for delivering nascent OMPs across the cyto-
plasmic membrane.43 In this regard, whether the
SecAN oligomer translocates nascent OMPs by acting
alone or by interacting with the SecYEG channel in liv-
ing cells awaits further clarification.

Detail interactions among OMP nascent
polypeptides, periplasmic chaperones, and the
BAM complex components are analyzed in living
cells
In the periplasm (the subcellular location between the
inner and outer membranes), the nascent OMPs are
believed to be protected by chaperones such as SurA,
FkpA, Skp, and PpiD before being folded and inserted
into the outer membrane of the Gram-negative bacteria
with the help of the BAM complex.21,40,74 Using site-
directed photocrosslinking, Ieva and Bernstein found
that residues closer to the extracellular domain of the
autotransporter EspP (an OMP) interact with SurA and
Skp during its biogenesis.59 We recently demonstrated a
unique pattern for the interaction between the nascent
OMPs and SurA, with residues in the N-terminal and
C-terminal regions, but not in their middle regions, both
of OmpF and LamB (two OMPs), interacting with
SurA,21 raising a possibility that SurA participates in
sealing the β-barrel structure during the biogenesis of
OMPs. We also found that SurA interacts with nascent
OMP substrates largely via its N-terminal domain,
while it interacts with the BamA protein mainly via a
unique extended satellite P2 domain (as shown in
Fig. 3). In addition, another inner membrane-associated
chaperone, PpiD, was also found to directly interact
with the N-terminal domain of SurA. Importantly, we
demonstrated that the SurA–PpiD and SurA–BamA
interactions, unlike the SurA–OmpF interaction, are
barely affected when cellular protein synthesis was
suppressed (by adding the antibiotic chloramphenicol),
indicating that SurA interacts with OMPs as nascent
substrates during their biogenesis but interacts with
PpiD and BamA as a mature functional partner.21
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The BAM complex, which is located partially on
the outer membrane and partially in the periplasm,
is known to be essential for OMP biogenesis. Despite
the determination of its 3D structure,75,76 the exact
role of the BAM complex in living cells remains elu-
sive. Site-directed photocrosslinking analysis revealed
an interaction of the discrete regions of the β-barrel
domain of nascent EspP (an OMP) with BamA, BamB,
and BamD of the BAM complex,60 indicating that the
BAM complex plays a direct role in the integration of
nascent OMPs into the outer membrane. Further stud-
ies demonstrated that the BAM complex catalyzes the
membrane integration of OMPs apparently in a multi-
step manner.61 In addition, by introducing pBpa into
BamA and performing photocrosslinking analysis, we
identified a few residues in its periplasmic POTRA-2
domain that mediate an interaction with the SurA
chaperone in living cells21 (refer to Fig. 3).

The fact that the SurA chaperone interacts with
nascent OMPs largely via its N-terminal domain but
with BamA mainly via its satellite P2 domain guided
us to design a dual photocrosslinking strategy to find
out whether a transient OmpF–SurA–BamA complex is
formed in living cells. For this, we first tried to simulta-
neously introduce the unnatural amino acid pBpa into
two sites, respectively, located in the N-terminal and P2
domains of SurA for capturing the potentially formed
ternary OmpF–SurA–BamA complex, but we failed to
capture it, probably due to the low expression level of
the variant SurA protein carrying pBpa at two sites.
We then tried to introduce pBpa into both OmpF (at a
site known to interact with SurA) and BamA (also at a
site known to interact with SurA) and successfully
detected a formation of the OmpF–SurA–BamA ter-
nary complex in living cells.21 This study for the first
time demonstrated the formation of such a transient
ternary complex in the cells during protein biogen-
esis, highlighting the power of the site-directed
photocrosslinking method. These observations, in
combination with other genetic and biochemical stud-
ies, suggest the formation of a supercomplex, in which
the components of SecYEG, BAM complex, SurA, and
PpiD are assembled as an entity spanning the inner
and outer membranes, thus functionally integrate the
multiple discrete steps of OMP biogenesis, including
translocation across the inner membrane, transporta-
tion through the periplasm, folding, and insertion
into the outer membrane, all into one continuous
and protected pathway21 (as diagrammed in Fig. 3).

The DegP protein primarily functions as a quality
control protease for OMP biogenesis in living
cells
In addition to the protein quality control factors men-
tioned above, we also systematically examined the role
of the DegP protein in the quality control of OMP bio-
genesis by applying the site-directed photocrosslinking
analysis. After revealing an unusual activation

mechanism of DegP, that is, by changing its oligomeric
status,77 we then analyzed how DegP interacts with
its substrate proteins in living cells by introducing
pBpa into a protease-deficient mutant DegP form
(i.e., the DegP-S210A variant, in which the critical ser-
ine residue at position 210 was replaced by an alanine
residue) at multiple residue positions. We demon-
strated that OMPs are the major natural substrate
proteins of DegP in living cells while periplasmic
proteins were only occasionally detected under both
normal temperature and heat shock conditions.63

Furthermore, we demonstrated that DegP primarily
functions as a protease, at both low and high tem-
peratures (DegP was found to be essential for the
bacterial cells to grow at high temperatures), to elimi-
nate misfolded OMPs, with hardly any appreciable chap-
erone activity in living cells47,63 (as illustrated in Fig. 3).
Chen and colleagues developed a multifunctional
photocrosslinker DiZASeC [Fig. 2(a)] that bears a
bio-orthogonal alkyne moiety (an unsaturated hydrocar-
bon containing one carbon–carbon triple bond) in addi-
tion to the diazirine photoactive group and a releasable
linker based on selenium (Se).35 This photocrosslinker
allows researchers to specifically enrich low-abundance
interacting proteins, for example, the substrate proteins
of a fully active rather than of a protease-deficient form
of DegP. Taking advantage of this, they profiled the nat-
ural substrate proteins of the fully protease-active DegP
in cells and confirmed OMPs as the major substrate
proteins,35 consistent with what we reported earlier.63

Unveiling the Protein Quality Control Mechanism
in Bacterial Cells Living under Extremely Acidic
Conditions
The extremely acidic human stomach juice (pH <3)
serves as a natural barrier against many enteric bacte-
ria, including pathogenic species, but some of them
(e.g., the disease-causing Escherichia coli strains
O157:H7 and O104:H4) are able to survive for a few
hours under such harsh conditions.78 Several anti-acid
mechanisms involving direct export and/or consump-
tion of excessive protons are adopted by enteric bacte-
ria to maintain the cytoplasmic pH at above 4.5 and
thus effectively protect the cytosolic proteins.78

In contrast, proteins residing in the ATP-deficient
periplasm of Gram-negative bacteria are more vulnera-
ble to the extreme acidity of the stomach juice, primar-
ily due to the highly permeable nature of their outer
membranes. Although genetic analyses and in vitro
biochemical studies have uncovered the critical role of
the periplasmic chaperones HdeA and HdeB,78–81 and
the proteases DegP and DegQ64 for bacterial acid resis-
tance by us and others, it is difficult to unveil how they
bind to natural substrate proteins and what cellular
proteins are protected in cells living under acidic
conditions. For instance, our in vitro studies rev-
ealed that the HdeA protein exhibits chaperone
activity only when its structure becomes largely
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disordered,80 but it was difficult to further explore
how HdeA functions under such acidic conditions
in living cells, mainly because the conventional
techniques for studying protein–protein interac-
tions are hardly applicable under such extremely
acidic conditions.38

The functional mechanism of the HdeA
chaperone is effectively explored in living cells
We applied site-directed photocrosslinking analysis
to probe protein–protein interactions in living cells
that are placed under extremely acidic conditions.
During this study, we developed a new orthogonal
aminoacyl-tRNA synthase/tRNA pair system for the
incorporation of a new unnatural amino acid photo-
crosslinker, DiZPK, which is more flexible and more
efficient than the commonly used unnatural amino
acid pBpa [refer to Fig. 2(a)]. This enabled us to iden-
tify a total of 32 substrate proteins that bind to HdeA
chaperone in living bacterial cells exposed to the acid
stress condition (pH being <3), among which are two
important quality control factors DegP and SurA.32

Both DegP and SurA have been known as quality
control factors for the synthesis of OMPs40,44 but nei-
ther has been known to play any role in resisting acid
stress. We then further demonstrated that DegP and
SurA assist the refolding or removal of the acid-
denatured substrate proteins after the bacterial cells
are returned to neutral pH conditions.32,78

In a following study, Chen and colleagues devel-
oped a selenium-based cleavable unnatural amino
acid photocrosslinker [DiZSek; refer to Fig. 2(a)] that
allows the separation of the bait target (which ini-
tially carries the DiZSek) and the prey (interacting)
proteins after the covalently crosslinked protein prod-
ucts (containing both the bait and the prey) were
purified.33 This allows the captured prey proteins to
be more efficiently identified by mass spectrometry
analysis, eliminating the interference of the bait pro-
tein during this analysis. Recently, these authors
applied this unnatural amino acid photocrosslinker
in combination with the two-dimensional (2D) differ-
ence gel electrophoresis technique to systematically
profile the substrate proteins of HdeA and HdeB in
living cells exposed to a wide range of acid stress con-
ditions (of different pH values) or upon recovery to
different pH conditions.66 As such, distinct substrate
specificities between the HdeA and HdeB chaperones
have been uncovered, apparently reflecting a fine-
tuned protein quality control strategy for bacterial
cells to cope with the acid stress.

Furthermore, Chen and coworkers examined the
interaction between HdeA and DegP in bacterial cells
exposed to acidic conditions34 by applying another cleav-
able unnatural amino acid photocrosslinker, DiZHSeC
[refer to Fig. 2(a)], which introduces an N-(4, 4-bis-
substituted-pentyl)acrylamide moiety as a label (tag) on
the prey protein, allowing the interaction surface on the

prey protein to be identified with high confidence by
mass spectrometry analysis. These analyses revealed
that, interestingly, DegP (as the prey protein) uses its
protease domain and PDZ1 domain, but not its PDZ2
domain, to directly contact the substrate-binding
regions of the HdeA chaperone (the bait protein) under
acidic conditions. Apparently, this application repre-
sents a great advantage in comparison with the conven-
tional unnatural amino acid photocrosslinkers and
would be able to provide a residue-by-residue resolution
dissection of the interfaces of two interacting proteins in
living cells, without relying on any prior structural
information of the two proteins.

The functional mechanism of DegP in acid
resistance has been explored in living cells
Recently, we applied the site-directed photocrosslinking
method to capture the interacting substrate proteins of
the DegP protease when the cells were placed under
acidic conditions, as well as after returning to neutral
pH conditions. This was performed after we demon-
strated that the deletion of the degP gene dramatically
impaired the viability of the E. coli cells against acid
stress.64 Among the 13 DiZPK-incorporated variants of
DegP that we examined, the two variants having
DiZPK [refer to Fig. 2(a)] introduced at the protease
domain were highly efficient in forming photo-
crosslinked products with other proteins in living cells
placed under either neutral or acidic pH conditions,
reflecting the critical role of this domain in binding sub-
strate proteins.

Interestingly, we observed that DegP interacts
with HdeA and SurA only in cells placed in an acidic
(pH being at 2.3) medium, but not in cells placed at or
returned to neutral pH conditions.64 In addition to
OMPs (e.g., OmpC and OmpF), several periplasmic
proteins (e.g., OppA, MalE, and PhoA) were also found
to be photocrosslinked with DegP in cells placed under
acidic conditions and/or upon recovery to neutral pH
condition, suggesting that the periplasmic proteins
are also potential substrate proteins of the DegP prote-
ase in living cells exposed to acidic conditions. In a par-
allel study, Chen and coworkers combined the site-
directed photocrosslinking with 2D comparative proteo-
mics analyses and demonstrated that DegP directly
bind to diverse aggregation-prone periplasmic proteins
upon acid stress, and these premixed DegP-substrate
coaggregates are subsequently digested by the recov-
ered DegP upon returning to neutral conditions.65

These data indicate that DegP represents an unprece-
dented protease that can survive the acid stress condi-
tion (by being protected by the acid chaperone HdeA32)
and subsequently to function in maintaining the
homeostasis of other proteins by effectively removing
the acid-denatured misfolded proteins, which otherwise
might be toxic to cells, under recovered neutral pH
conditions.47,63–65
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Certain Aspects of the Dynamic Structure of
Proteins in Living Cells can be Effectively Probed
via Site-Directed Photocrosslinking

Protein structural dynamics are difficult to be
explored in living cells
The dynamic structures have been believed to be cen-
tral to protein functioning.6,7 These aspects of proteins
have been assessed under in vitro conditions using bio-
physical methods such as NMR spectroscopy,14,82,83

room temperature X-ray crystallography,12,13,84 FRET,85

and hydrogen–deuterium exchange mass spectrome-
try.86 Nevertheless, it is far more technically challenging
to study protein structural dynamics in living cells,
partially due to the relatively small amount of a par-
ticular target protein that exists in a mixture of thou-
sands of other cellular proteins. Since unnatural
amino acids carrying a rationally designed functional
group, as exemplified by a photoreactive group,20 a
fluorescence probe,87 an infrared group,88 or a group
for NMR detection,89 can be site-specifically incorpo-
rated into a specific target protein, it is expected that
unnatural amino acids may serve as an ideal tool for
studying protein structural dynamics in living cells.
Here, we summarize a few examples regarding the
application of site-directed photocrosslinking in
exploring this biologically important but technically
challenging issue.

The HdeA chaperone exhibits a dynamic
structure in living cells
First, Chen and coworkers examined the pH-
dependent conformational change of the anti-acid
chaperone HdeA in living cells by fully exploiting the
potential of the cleavable unnatural amino acid
photocrosslinker DiZHSeC [refer to Fig. 2(a)], which
allows an effective identification of the crosslinked
peptide on the interacting (prey) proteins using mass
spectrometry analysis.34 They found that the
DiZHSeC replacing phenylalanine 35 in HdeA was
able to form intramolecular crosslinking with trypto-
phan 82 in the peptide sequence 78-VKGEWDK-84
located at the C terminus of HdeA in living cells
placed under neutral pH conditions, being consistent
with the 3D structure of HdeA that was determined
under in vitro neutral conditions.79,90 However, this
crosslinkage became no longer detectable in acid-
exposed cells (pH < 3), supporting a structural model
such that acid treatment would trigger an opening of
the C-terminal region in HdeA. Furthermore, they
observed that the crosslinking site (for DiZHSeC intro-
duced at position phenylalanine 35) on the peptide 11-
KPVNSWTCEDFLAVDESFQPTAVGFAEALNNK-42
is glutamate (E) 37 at pH 7 but more crosslinking sites
are involved upon acid treatment,34 indicating a order-
to-disorder transition within this region when the envi-
ronmental pH drops from 7 to 2, in line with what we
observed under in vitro conditions.80

Subunit interactions mediated by “noninterface”
forbidden residues in living cells suggest a
conformation far more dynamic than expected
Protein–protein interaction is usually assumed to
occur through a specific interface that consists of a
limited number of amino acid residues of the two inter-
acting protein subunits. However, our systematic in vivo
photocrosslinking analysis via genetically incorporated
unnatural amino acids unexpectedly demonstrated that,
under neutral pH conditions, the dimerization of HdeA
is apparently mediated by residues along its whole
polypeptide,91 including the “forbidden” residues that
are far away from the dimerization interface as judged
according to the reported 3D structure.79,90 We provided
evidence to show that such dimerization, though intrigu-
ing, is a result of neither protein overexpression nor any
structural disturbance caused by the introduction of the
unnatural amino acid.91

Dimerization mediated by similar “forbidden” non-
interface residues was also observed for two other
homo-oligomeric proteins, IbpB (a member of the small
heat shock protein family molecular chaperones and
exists as polydispersed oligomers in vitro)92,93 and DegP
(a protease existing as hexamers in vitro).77,94,95 In con-
trast, dimerization of a few other oligomeric proteins
(e.g., OmpF, LamB, SurA, FtsZ, and FkpA) that we sim-
ilarly examined seems to be mediated only by specific
residues.91 Collectively, these observations suggest that,
for some oligomeric proteins (as represented by HdeA,
IbpB, and DegP), their subunit interactions in living
cells can also be mediated by residues other than those
located at the interfaces as defined by in vitro structural
determination, apparently indicating an extremely high
dynamic structure of them in living cells (as schemati-
cally illustrated in Fig. 4).

Consistent with the dynamic nature of the IbpB
protein in living cells, we have demonstrated, also via
site-specific photocrosslinking analysis, that the IbpB
protein acts as a robust chaperone in living cells by
hierarchically activating its multiple-type substrate-
binding residues.37 In addition, we have provided
pieces of evidence to show that under in vitro condi-
tions, IbpB93 and Hsp16.396,97, another small heat
shock protein exhibited a very dynamic oligomeric
structure that allows them to regulate their chaper-
one activity in response to the environmental
conditions.

The significantly shortened time needed for the
photocrosslinking reaction may enable the
capturing of more dynamic and transient
protein–protein interactions
Recently, Akiyama and coworkers explored a high-
power UV irradiator, with which the UV exposure time
of the living cells for an efficient photocrosslinking reac-
tion is shortened from a couple of minutes as needed
using the conventional UV irradiator to only 1 sec.58
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This improvement could be of great significance for
studying the kinetics of protein biogenesis in cells,
because protein synthesis in bacterial cells growing at
37�C proceeds at a rate as high as 20 residues per sec-
ond98 and thus the biogenesis of a protein would be
usually finished within <1 min.58 The authors applied
this new technique to study the folding kinetics of a
cytoplasmic membrane protein SecD and its assembly
with a partner protein SecF, and found that the folding
of the periplasmic P1 domain of SecD occurs before the
association of the membrane domains of SecD and
SecF. In addition, an assembly intermediate between
LptD (an OMP) and LptE (a lipoprotein), as well as two
different conformational states for the LptD folding
intermediate, was captured during the biogenesis of
LptD, highlighting the power of this new technique
(designated as PiXie, meaning “the pulse-chase and
in vivo photocrosslinking experiment”) in studying pro-
tein structure dynamics in living cells.58

Site-directed photocrosslinking analysis revealed
new assembly forms of the key cell division
protein FtsZ in living cells
FtsZ is an essential protein for bacterial cell division.
It polymerizes into protofilaments, which further
assemble into higher-order structures at the future
division sites of the cell to form the dynamic Z-ring
structure.99 How the Z-ring structure is assembled and
disassembled in living cells has been poorly understood.
We recently applied the site-directed photocrosslinking
technique, in combination with a strategy of random
introduction of the unnatural amino acid pBpa into the
FtsZ protein [as illustrated in Fig. 1(b)], to study the
self-assembly dynamics of FtsZ and identified four dis-
tinct residues that mediate the dimerization of FtsZ in
living cells.22 Of particular interest is that three of
these identified residues (R78, D82, and R85) make up
a new lateral interface mediating the assembly of the
FtsZ proteins (with the other one located at the
known longitudinal interface). We further demon-
strated, also by site-directed photocrosslinking, that
the preassembled protofilament (via longitudinal
interactions) is a prerequisite for the lateral interac-
tions to occur and that the latter are important for the
FtsZ protofilaments to further assemble into the
dynamic Z-ring structure in cells. Such in vivo photo-
crosslinking analysis of the FtsZ protein also enabled

us to unexpectedly unveil a new subcellular structure
that we designate as regrowth-delay body, which is
formed only in the nongrowing bacterial cells and
sequesters multiple key proteins including FtsZ,
but dissolves to release the stored proteins for
refunctioning when the cell resumes growth.100 The
regrowth-delay body is likely the most distinguishable
subcellular structure hitherto identified to mark the
multidrug-tolerant persister (dormant) bacterial cells.

Concluding Remarks and Future Perspectives
The unnatural amino acid-mediated site-directed
photocrosslinking technique, in combination with
other analytic tools such as mass spectrometry,
isotope-labeled pulse-chase, and immunoblotting, has
greatly advanced our understanding on the biogenesis,
quality control, and dynamics of proteins in living
cells. Although those interactions related to OMP
biogenesis have been extensively examined by this
approach, many fundamental questions remain to be
clarified. For instance, how are the newly synthesized
polypeptides of the OMPs dynamically and transiently
interact with all the participating protein factors,
which are apparently assembled into a supercomplex21

(as shown in Fig. 3), on their way to the final destina-
tion? How the chaperone and protease factors recognize
the not-yet folded intermediates and the misfolded
forms, respectively? Where and how the β-barrel struc-
tures of the OMPs are formed and integrated into the
outer membrane? Conceivably, the high-power UV
irradiator would be highly useful for these studies.58

To our surprise, protein–protein interactions
related to the biogenesis and quality control of cytosolic
proteins (as also diagrammed in the lower part of
Fig. 3), although being extensively investigated via
other techniques, have been rarely probed via site-
directed in vivo photocrosslinking analysis (as indicated
in Table I). For instance, the trigger factor, as an impor-
tant chaperone binding to nascent polypeptides during
the early stage of their biosynthesis on the ribosomes,
has been studied only using in vitro site-directed photo-
crosslinking analysis.67–69 Similarly, the interactions of
many protein quality control factors with their sub-
strate proteins have been extensively examined under
in vitro conditions, but apparently have not yet been
studied in living cells using this approach, according to
our exhaustive literature search. These factors include

Figure 4. Certain proteins possess a highly dynamic structure in living cells. A “forbidden” residue (red ball) far away from the
subunit “interfaces” (as revealed by in vitro structure determination) may become “permissive” to mediate the interaction of the
protein subunits in living cells.91 This might happen through subunit rotation/reorientation (left arrow) and/or conformational
change (right arrow) in living cells.
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the DnaK, GroEL, and Hsp90 chaperones,1,3,101 the
Lon and ClpP proteases,102 and other chaperones/
folding catalysts such as Hsp33103 and DsbA/
DsbC.104 In addition, the protein quality control
mechanism of extremophiles living in extremely
harsh environments (e.g., thermophiles living in hot
springs with a temperature of above 90�C) remains
poorly understood. Although conventional methods
are infeasible for probing protein–protein interac-
tions under such conditions, the site-directed photo-
crosslinking seems to be applicable and certainly
worth testing.105

As regards the dynamics of protein structures in
living cells, even less is known. For instance, how
dynamic are proteins in general in living cells? How
do protein conformations in living cells differ from
what we usually perceive based on in vitro studies?
How do the conformational ensembles of proteins cor-
relate with their often multiple functions and interac-
tions in living cells? Why some proteins seem to be
more dynamic than others (as implicated by our
observations)? Does the disease-causing protein mis-
folding occurs due to problems of protein dynamics?
Undoubtedly, answering these questions needs tech-
niques beyond that represented by the site-directed
in vivo photocrosslinking analysis.
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